t is generally accepted that excess levels of norepinephrine (NE) could lead to myocardial injury. [1] [2] [3] [4] Prolonged myocardial ischemia causes a large amount of NE to be released from the sympathetic nerve terminals via non-exocytotic local metabolic mechanism independently of central sympathetic activation, and this excessive NE may promote myocardial injury. 5 Reperfusion following prolonged ischemia would prevent progression of ischemic cell necrosis, whereas reperfusion itself causes myocardial injury, the phenomenon known as reperfusion injury. [6] [7] [8] [9] [10] Increased interstitial concentration of NE during ischemia may be involved in the pathogenesis of reperfusion injury, because NE is a source of free radicals. [11] [12] [13] Previous studies have shown that auto-oxidation of NE results in the generation of highly reactive ·OH radicals. 12,13 Thus, the pathogenesis of catecholamine-induced myocardial injury in the setting of reperfusion following prolonged ischemia is multifactorial, but the relative role of this NE-derived free radical formation in increasing the size of the infarct after reperfusion remains unclear. Accordingly, we studied the effects of cardiac denervation on free radical formation and infarct size in rats with reperfusion following prolonged ischemia and compared them with those of -adrenoceptor blockade.
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Methods

Experimental Animal
The experimental procedures were approved by the guidelines for animal experimentation at Toyama Medical and Pharmaceutical University. A total of 48 male Wistar rats weighing 300-350 g were used for induction of myocardial ischemia as described previously. 14 Briefly, the rats were anesthetized with sodium pentobarbital (30 mg/kg, ip), and a left thoracotomy was performed to exteriorize the heart. The left coronary artery was ligated 2-3 mm from its origin with a suture of 5-0 prolene (Ethicon, Inc, Somerville, NJ, USA) for 30 min, and then the ligature was released.
The animals were divided into 3 groups: control, phenol, and atenolol. The following protocols were performed: (i) determination of hemodynamics and infarct size (control = 8, phenol =6, atenolol =6), (ii) determination of interstitial NE concentrations during ischemia and reperfusion (control =7, phenol =4, atenolol =4), and (iii) electron paramagnetic resonance (EPR) study (control =6, phenol =7). One week before coronary ligation, regional cardiac denervation was performed by painting a solution of 10% phenol in ethanol on the left ventricular (LV) epicardium around the proximal region of the left coronary artery. 15 The 1-selective adrenoceptor blockade, atenolol (0.5 mg/kg), was Background Norepinephrine (NE)-derived free radicals may contribute to myocyte injury after ischemiareperfusion, so the influence of sympathetic denervation on myocardial ischemia -reperfusion injury was investigated in the present study.
Methods and Results
Cardiac sympathetic denervation was produced in Wistar rats by a solution of 10% phenol 1 week before ischemia. Atenolol (0.5 mg/kg) was intravenously administered 10 min before the coronary occlusion. The left coronary artery was occluded for 30 min and thereafter reperfused. Cardiac interstitial fluid was collected by a microdialysis probe and free radicals in dialysate were determined by electron paramagnetic resonance (EPR) spin trapping, using 5,5-dimethyl-1-pyrroline-N-oxide as a spin trap. 16 In separate animals that underwent a sham operation without the coronary occlusion, cardiac NE concentrations were determined under conditions of normal innervation (n=5) and of sympathetic denervation with phenol painting (n=6). The NE concentration in the LV free wall was determined 1 week after the operation by high-performance liquid chromatography as described previously. 17 
Hemodynamic Study
Cardiac hemodynamics were determined just before the coronary occlusion and at 5 and 20 min after inducing coronary occlusion. A 2F micromanometer-tipped catheter was inserted into the right carotid artery to measure aortic pressure. With the rat anesthetized and mechanically ventilated, aortic pressure and electrocardiogram were recorded, and digitized on-line at 2-ms intervals and analyzed with a signal-processing computer system (7T-18, NEC San-Ei, Tokyo, Japan).
Myocardial Infarct Size
The area at risk and infarct area were determined 2 h after reperfusion. Using the Langendorff technique, the hearts were isolated and perfused with Krebs solution at 37°C under perfusion pressure of 100 cmH2O for 5 min to remove the blood. Then 0.5 ml of blue ink was infused into the aorta after re-occlusion of the left coronary artery. Thereafter the LV was sliced into 2-mm thick sections for incubation in 1% triphenyl tetrazolium solution in phosphate buffer at 37°C for 10 min to distinguish stained viable tissue and unstained necrotic tissue. The area at risk and infarct area were determined using computerized planimetry.
Interstitial NE Concentration
Determination of the interstitial NE concentration during ischemia was performed using a microdialysis method. Rats were anesthetized with pentobarbital sodium (30 mg/kg, ip), followed by its continuous intravenous infusion (3 mg · kg -1 · h -1 ). Body temperature was maintained with a heated pad and lamp. The heart was exposed by midline incision and the microdialysis probe was inserted into the myocardium along the left coronary artery. Both ends of the dialysis fiber (8 mm length, 0.31 mm outer diameter, 0.2 mm inner diameter, and 50,000 molecular weight cutoff, PAN-130SF, Asahi Chemical, Japan) were connected to polyethylene tubes. 18 The dialysis probe was perfused with Ringer's solution at a rate of 2 l/min. Dialysate sampling before the coronary occlusion was started 60 min after probe implantation. Then the left coronary artery was ligated in the same method as described before. Dialysate sampling was performed during coronary occlusion and from the onset of reperfusion for 15 min. The NE concentration of the dialysate was measured by high-performance liquid chromatography with electrochemical detection (ECD 300, Eicom, Japan). After dialysate sampling, the position of the microdialysis probe was confirmed using an infusion of blue dye.
EPR Spin Trapping
The spin trapping study was performed using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the spin trap. The microdialysis probe was perfused with Ringer's solution containing 1 mol/L DMPO at a rate of 6 l/min. The dialysate was sampled 10 min before the coronary occlusion, 20 min after coronary occlusion, and 30, 60 and 120 min after reperfusion. Using 9.425-GHz field modulation with a 0.1-mT amplitude using microwave power of 4 mW, the EPR spectra of the microdialysate in a quartz-flat cell were recorded with EPR (RFR-30, Radical Research Inc, Tokyo, Japan) at room temperature. The yields of spin adducts were determined using a stable nitroxide radical, 4-hydroxy-2,2,6,6-tetramethyl-1-piperidineyloxy as the standard. A calibration curve was determined by plotting the product of peak-to-peak derivative amplitude and the square of the width at the maximum slope of the signal vs different concentrations of the standard nitroxide radical as described previously. 19 
Analysis of Data
Data are expressed as mean ± SD. Group comparisons were made using ANOVA followed by Bonferroni's t-test 
Results
Sympathetic Denervation by Phenol
In the sham-operated rats, phenol depleted the tissue content of NE in the LV free wall (17±22 ng/g, n=6) compared with those without phenol (531±45 ng/g, n=5, p<0.01), a finding supporting complete sympathetic denervation by epicardial painting with phenol.
Hemodynamics and Infarct Size
The hemodynamic data during the 30-min coronary occlusion are shown in Table 1 . Heart rate and blood pressure during the occlusion were lower in the atenolol group than in the control group, and consequently the rate -pressure product was smaller in the former. However, these indices did not differ significantly between the control and phenol groups, although they showed a trend toward a decrease in the phenol group. The size of the area at risk did not differ among the 3 groups; however, in the phenol group there was a significantly reduced ratio of infarct area to area at risk as compared with the control group (Fig 1) . The ratio was also lower in the atenolol group than in the controls but did not differ between the phenol and atenolol groups.
Interstitial Concentration of NE
The interstitial NE concentration assessed by the microdialysis method tended to be lower in the phenol group than in the control group before the coronary occlusion, although the difference did not reach the significance level. During the coronary occlusion, its concentration increased markedly in the control group, but remained at quite low levels in the phenol group ( Table 2 ). The NE concentration in the control group markedly decreased immediately after reperfusion but was still greater than in the phenol group. Atenolol did not affect the NE concentration during ischemia or reperfusion.
Free Radical Formation in Ischemia -Reperfusion Injury
Representative examples of EPR spectra are shown in Fig 2. There were no major components in the EPR spectra before the coronary occlusion, but 30 and 60 min after reperfusion, spectra consisting of a 1:2:2:1 quartet were observed. The equal nitrogen and hydrogen hyperfine coupling constants (aN = a H =1.49 mT) in the spectra are characteristic of the hydroxyl radical adduct of DMPO (DMPO-OH). 20 Because the intensities of the EPR spectra are directly proportional to the free radical content in the microdialysate, a time course of spin-adduct generation can be compared with the control (Table 3 ). In the control group, no free radical generation was observed before ischemia, but a significant amount of spin adducts was detected after reperfusion and was maximal at 60 min after reperfusion was begun. Free radical formation in the phenol group was not significantly different from that of the control group.
Discussion
The major findings of the present study are as follows. First, phenol painting of the epicardial surface at the proximal portion of the left coronary artery depleted the myocardial NE content as reported previously 15 and completely suppressed any increases in interstitial NE concentration during ischemia and subsequent reperfusion, a finding compatible with sympathetic denervation. Second, cardiac denervation significantly reduced the size of the infarct induced by ischemia -reperfusion injury and the reduction was similar in the phenol and atenolol groups. Finally, the marked reduction of interstitial NE concentration caused by denervation was not accompanied by decreases in ·OH radical formation during reperfusion. Thus, NE-derived free radicals might not significantly contribute to the expansion of the infarct during ischemia -reperfusion injury.
Effect of Denervation on Ischemic Injury
Cardiac sympathetic innervation is suspected to exert a detrimental influence during ischemia. Previous studies [21] [22] [23] showed the beneficial effects of cardiac denervation on infarct size during ischemia. Other studies, however, demonstrated that cardiac denervation had no protective effect 24 or rather had a detrimental influence. 25 These conflicting findings may come from differences in the experimental methods (ie, pharmacological or surgical denervation, whole body or local cardiac denervation, isolated or in situ hearts, anesthetized or conscious animals, and the animal species used in each experiment). Another important issue that could result in conflicting data might be differences in the duration of coronary artery occlusion. A long period of ischemia may mask the beneficial effect of cardiac denervation. Elson et al demonstrated that cardiac denervation exerted a beneficial effect against myocardial necrosis by prolonging the time required for necrosis to develop after brief (40 min) coronary occlusion, but not when coronary occlusion was maintained for 80 min. 26 Several mechanisms for the inhibition of ischemic injury in denervated hearts have been proposed. First, sympathetic denervation might induce the development of collateral vessels. Jones et al 22 ) showed that coronary flow in the ischemic zone induced by ligation of the left anterior descending coronary artery was 2-4-fold greater in the chronically denervated dog heart than in the control heart. On the other hand, chronic, pharmacological denervation did not affect collateral flow during ischemia in rabbit hearts. 24 These disparate results might be related to species differences (ie, rabbit hearts have very few native collateral vessels compared with dog hearts). A poor native collateral network might respond poorly to myocardial ischemia in terms of collateral development after sympathectomy. 22, 27 Rat hearts also have relatively poor native collateral network 28 and therefore the beneficial effects of denervation in the present study may not have resulted from increased collateral flow.
Second, adrenergic stimulation increases the oxygen requirement of the myocardium. During the 30-min coronary occlusion of the present study, the interstitial concentrations of NE increased more than 200-fold compared with before coronary occlusion in the control rats, but did not increase in the denervated rats. The number of -and 1-adrenoceptors in the sarcolemmal membrane increases during myocardial ischemia without changes in the affinity to their agonists. 29 In fact, the activation of adenylyl cyclase activity was enhanced during the early period of ischemia. 30 Schömig clearly demonstrated that during 20-40 min of ischemia, the extracellular concentration of NE from nonexocytotic local metabolic release reaches 100-1,000-fold normal plasma concentration. 5 Such a concentration of NE is capable of producing myocardial necrosis even in the nonischemic heart. 1 Increases in cytosolic Ca 2+ induced by -and 1-adrenoceptor stimulation would result not only in myofilament overstimulation, increased contractile force and oxygen requirement, but also excessive ATP breakdown. The increased cytosolic Ca 2+ can activate phospholipase that may cause membrane damage. 3, 31, 32 These detrimental effects of NE would be inhibited by -adrenoceptor blockade, as shown in previous studies 33, 34 and the present study. In the present study the reduction in the size of the infarct by atenolol was comparable with that of denervation induced by phenol, despite a lower heart rate and smaller rate -pressure product in the atenolol group, indicating a lower oxygen requirement in that group. This finding suggests that cardiac denervation may have beneficial effects other than -adrenoceptor blockade during ischemia or that the reduction in oxygen demand observed in the present study might not be sufficient to affect ischemic injury.
Effects of Denervation on Reperfusion Injury
Many mechanisms have been proposed to explain reperfusion injury, but the most plausible involve cytosolic calcium overload and the formation of oxygen-derived free radicals. [6] [7] [8] [9] [10] NE is a source of toxic free radicals during ischemia -reperfusion by amine oxidase and by auto-oxidation, and leads to the formation of cytotoxic ·OH radicals. Obata et al showed that sympathetic nerve stimulation generated cardiac interstitial ·OH radicals in association with increases in interstitial NE concentration. 13 It is therefore likely that free radicals play an important role in catecholamine-induced cardiotoxicity by causing peroxidation of membrane phospholipids, which can result in permeability changes in the membrane, as well as intracellular calcium overload. 11, 35 In the present study, the relationship between cardiac interstitial free radicals and infarct size was studied using cardiac microdialysis and EPR spin trapping in rats with normal cardiac innervation and with denervation. The intensities of the ·OH radicals were maximal at 60 min after reperfusion, a finding consistent with that of a previous study. 36 Despite a marked reduction of the interstitial NE concentration during ischemia and reperfusion in rats with denervation, the levels of ·OH radicals were not significantly different from those in rats with normal innervation, suggesting that NE might not be a major source of free radicals, at least under the present experimental conditions. There are a number of metabolic pathways whereby free radicals may be generated following reperfusion, but activated neutrophils, xanthine oxidase reaction, and mitochondrial respiration are the likely major sources. [6] [7] [8] [9] [10] The present results also suggest that NE-derived free radical formation does not significantly contribute to the development of myocardial necrosis after reperfusion injury.
There is considerable controversy as to whether free radicals cause myocyte death or endothelial injury. Several investigators reported infarct size limitation after the administration of superoxide dismutase with or without catalase, 37, 38 but others have been unable to detect a protective effect with those treatments. [39] [40] [41] Those results may be related to differences in experimental methods, including the method of infarct size determination.
Reactive hyperemia early after reperfusion might contribute to the subsequent reperfusion injury. Reperfusion at reduced flow rates enhances postischemic contractile recovery. 42 Brunvand et al demonstrated that -adrenoceptor blockade inhibited reperfusion hyperemia and reduced infarct size in feline hearts. 43 The reduction in the infarct by denervation in the present study may have been partially induced by suppression of reactive hyperemia, because NE release during ischemia and reperfusion was completely inhibited. The inhibition of the Na + -H + exchanger might be related to a reduced infarct size induced by cardiac denervation, because another study showed that it was activated during ischemia and its inhibition reduced infarct size during ischemia -reperfusion. 44 
Study Limitations
Some methodological limitations deserve comment in interpreting the present results. First, we only detected DMPO-OH adducts showing an EPR spectrum consisting of a 1:2:2:1 quartet in the EPR spin trapping study. Relatively unstable free radical adducts of DMPO such as the O2˙-adduct of DMPO (DMPO-OOH, half time about 60 s at pH 7.0) 45 might not be detected by our methods, which required 10 min to collect interstitial fluid for EPR spin trapping. In the very early phase of reperfusion, there is an initial prominent generation of oxyradicals, mainly O2˙-radicals. 36 There are many sources of ·OH including the conversion from O2˙-, and the activation of lipid peroxidation and arachidonate metabolism in a chain reaction. The O2˙-adduct of DMPO is known to break down to form the DMPO-OH adduct 46 and, therefore, some of the observed DMPO-OH signal could be caused by trapping of O2˙-. A previous study reported the generation of superoxide during ischemia, 37 but the EPR spectra of DMPO adducts were not detected during coronary occlusion before reperfusion in the present study. Further work using radical scavengers is needed to elucidate the source of ·OH and their effects on myocardial reperfusion injury.
Second, hemodynamic differences among the 3 groups might contribute to the differences in infarct size. The ratepressure product during the coronary occlusion was lower in the atenolol group than in the other 2 groups and, therefore, a greater decrease in oxygen demand in the rats with atenolol might partially contribute to the reduction in infarct size. An equivalent reduction of infarct size between the phenol and atenolol groups despite their hemodynamic differences suggests more complete inhibition of the influence of NE in the phenol group or the contribution of some factors other than inhibition of -adrenoceptors (eg, -adrenoceptors could be involved in the reduction of infarct size in the phenol group).
Conclusion
We studied the effects of cardiac denervation on in vivo ischemia -reperfusion injury in terms of cardiac interstitial NE concentration and oxygen free radicals. The concentrations of interstitial NE increased more than 200-fold during 30-min ischemia in normally innervated hearts and the complete inhibition of increasing interstitial NE by denervation significantly reduced the size of the infarct caused by ischemia -reperfusion injury. Although the mechanism of the infarct-limiting effect of cardiac denervation remains unclear, it more likely results primarily from decreasing the direct activation of -adrenergic signaling, not from decreasing NE-derived free radicals.
